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The extreme properties of semiconducting boron carbide ͑extreme radiation hardness 1 and unique electronic properties 2, 3 ͒ make it an attractive material for applications in harsh environments. For example, semiconducting devices, used to directly harvest the kinetic energy emitted from a radioisotope as electrical energy to form radioisotope power sources, suffer from ␣ and ␤ induced radiation damage and degrade rapidly, especially when conventional semiconductors are used. 4 The use of radiation hard semiconductor like boron carbide can greatly alleviate such degradation. 1 Moreover, due to the long half-lives of radioisotopes ͑ϳyears͒ and high gravimetric/volumetric energy density, the radioisotope power sources based on boron carbide can be the desirable power supply for disparate applications where replacing conventional batteries is inconvenient if not impossible, e.g., deep space satellites, 5 remote sensors, and pacemakers. In addition, because of the large neutron capture cross-section of 10 B, boron carbide has also been proposed for small form factor solid-state neutron detectors 6 for nuclear power and homeland security monitoring.
The principles of ␣-voltaics, ␤-voltaics, and neutronvoltaics are similar to that of photovoltaics. 1 That is, to produce electricity the built-in electric field in the depletion region is employed to separate and gather the electron-hole pairs initially created by the energetic particles, i.e., the radioisotope decay products for ␣-/␤-voltaics and neutron reaction products 6 for neutron-voltaics. Because of the long range of these energetic particles in semiconductors, 7 efficient radioisotope power sources, and sensitive neutron detectors require semiconductors with specific properties, particularly a large depletion region and a long diffusion path. The low conductivity of boron carbide films favors the creation of wider depletion regions ͑Ͼ1 m͒.
2 Optimally, the carrier's diffusion length, determined by its mobility and lifetime, 8 should be comparable to the depletion region width. In addition, the lifetime of the created electrons and holes must be long enough so that they can diffuse apart before being trapped or recombined. 1 For convenient discussion in this letter, the carrier lifetime is the effective recombination lifetime of charge carrier. Therefore, the carrier lifetime is one of the critical parameters to improve the conversion efficiency of radioisotope power sources and the sensitivity of neutron detectors. However, the carrier lifetime in boron carbide films has not been reported. In this letter, we investigated the carrier lifetime in B 4 C boron carbide films by using transient photoconductivity decay ͑TPCD͒ and the photovoltaic response of B 4 C / Si heterojunctions. B 4 C films were deposited on UV grade glass substrates and n-Si ͑100͒ substrates ͑1-10 ⍀ cm͒ at different temperatures by radio frequency magnetron sputtering with 200 W using B 4 C target at a working pressure of 5 mTorr Ar. Prior to deposition, sputtering was performed to clean the substrate surfaces in situ. The electrical circuit for TPCD measurement consists of B 4 C film with ohmic contacts, a reference resistor ͑R 0 ͒, a voltage source ͑V 0 ͒ provided by a Keithley 2400 source-meter, and a digital oscilloscope which was used to monitor the conductivity variation in the sample in terms of the voltage drop across the reference resistor. The size of the film was 1 mmϫ 1 mmϫ 300 nm. The resistance of the reference resistor was chosen to be less than 10% of the film resistance. A KrF pulsed laser ͑wavelength 248 nm, pulse duration 30 ns͒ was used as the excitation source. The laser beam was unfocused with the size of ϳ336 mm 2 . The film thickness for prototype B 4 C / Si heterojunctions was ϳ200 nm. Cr/Al and Ti/Al ohmic contacts were deposited on B 4 C films and silicon substrates, respectively, to form the diodes. The photovoltaic response was tested under the illumination of white light with the intensity of 1.26 mW/ mm 2 . For a sample with dark resistance ͑R dk ͒ and transient photoresistance ͑R ph ͒, the voltage variation ͑⌬V͒ across the reference resistor at the beginning of decay can be expressed as
where V dk is the voltage across the reference resistor when the sample is in the dark, ⌬ is the conductivity change in the sample, A and L are the cross-section area and the length of the sample, respectively. If V 0 is constant and R 0 is chosen to be small compared to the sample resistance, with the re- 
where n and p is the mobility of electron and hole, respectively, and q is the charge unit. The decay of the excess charge carriers is very complicated but can be assumed to obey the following equation:
where ⌬n͑0͒ is the excess electron concentration at the beginning of decay, t is the time, and ef f is the effective carrier lifetime. Therefore, Eq. ͑2͒ can be expressed as
Finally, the carrier lifetime can be extracted from the above equation. Figure 1͑a͒ shows the laser intensity dependence of ⌬V / ͑V 0 − ⌬V͒ versus t for B 4 C film when the electric field is 15 V/mm. The ⌬V / ͑V 0 − ⌬V͒ increases with the increasing laser intensity because of increasing excess charge carrier concentration, as indicated by ⌬n͑0͒ in Eq. ͑4͒. The seminatural log plot of ⌬V / ͑V 0 − ⌬V͒ versus t can be divided into following two stages: the increase and the decay with the time. The former is related to the generation time of laser induced charge carriers and the response time for them to move in the circuit. The reason for the second stage is the decay of excess charge carriers. The linear relationship between ln͓⌬V / ͑V 0 − ⌬V͔͒ and the time in the second stage indicates that the decay of the excess electron concentration follows Eq. ͑4͒. The fit of experimental data yields the carrier lifetime of 0.98 ms, 0.96 ms, and 0.91 ms when the laser intensity is 0.46 mJ/ mm 2 , 0.54 mJ/ mm 2 , and 0.64 mJ/ mm 2 for B 4 C film deposited at 175°C, respectively. The increasing laser intensity reduces the carrier lifetime, which may be due to the increasing carrier-carrier interaction. But the increasing electric field extends the carrier lifetime via reducing the carrier interaction as indicated by the different slopes of the plots in Fig. 1͑b͒ . The carrier lifetime in B 4 C film deposited at 350°C is 0.49 ms and 0.76 ms when the electric field is 10 V/mm and 20 V/mm with the laser intensity of ϳ0.53 mJ/ mm, respectively. It should be noted that the measured carrier lifetime in B 4 C film is much longer than that in diamond-like carbon films ͑0.08 ms͒, 9 a-Si:H films ͑ϳ0.1 s͒, 10 and a-Se thin film ͑11.3 s͒.
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The longer carrier lifetime could be attributed to the unique structural unit ͑icosahedron͒ and the three-center twoelectron bond ͑the electron-deficient bond͒ in amorphous B 4 C films, 12 because the self-induced distortion of the icosahedron via bipolaronic conduction could extend the carrier lifetime. 13 As shown in Table I , besides the laser intensity and the electric field, the carrier lifetime is also affected by the deposition temperature. The carrier lifetime in B 4 C film deposited at higher temperature is longer than that in the film deposited at RT. For example, the carrier lifetime in B 4 C film deposited at RT is about 0.1 ms, but about 1 ms when deposited at 175°C. The variation in carrier lifetime with the deposition temperature is related to the local structure of amorphous B 4 C films. The details for the change in local structure of amorphous B 4 C films with the deposition temperature are stated elsewhere. 12 Briefly, there are more carbon atoms oc- cupying the sites in the distorted icosahedron in the film deposited at RT than those deposited at 175 and 350°C. 12 The increasing carbon atoms in the icosahedron increase the defect concentration in the film 14 and thus result in the shorter carrier lifetime and the higher rising rate of transient voltage as shown in the inset of Fig. 1͑a͒ . Figure 2 shows the effect of the deposition temperature on the photoresistance change ͑PRC͒, defined as ⌬R / R dk = 100% ϫ ͑R dk − R ph ͒ / R dk , for B 4 C films. The PRC decreases with the increasing deposition temperature. Better PRC, as high as 85%, is obtained for the film deposited at RT. Therefore, if the devices made with B 4 C films for particle detectors are operated under the bias, such as biased neutron detectors, 12 the films deposited at RT could be a good choice. The relaxation of PRC for B 4 C films deposited at higher temperature is different from that deposited at RT. The former is finished in one step, i.e., at the beginning of relaxation the PRC gradually decreases to zero. The latter is done in two stages: a fast process of ϳ0.25 ms, in which the PRC decreases to ϳ40% from the maximum magnitude, followed by a slow process, in which the PRC gradually decreases to zero. Figure 3 shows the I-V characteristics, near the origin, of B 4 C / Si heterojunctions fabricated at different temperatures in the dark and under the illumination of white light. The geometry and measurement of these heterojunctions are shown schematically in the inset of Fig. 3 . Photovoltaic response is observed for the heterojunctions fabricated at 175-350°C. The low conversion efficiency could be related to the extremely low charge mobility, but further investigations are needed. Little or no photovoltaic response is observed for the heterojunctions fabricated at 550°C and RT, respectively. High deposition temperature could facilitate the atoms in the film to diffuse into Si substrate reducing the junction barrier and removing the photovoltaic response. No photovoltaic response for the heterojunction fabricated at RT is probably the result of the shorter carrier lifetime and the increasing defect concentration. 12 In summary, we have measured the carrier lifetime in B 4 C film via TPCD technique. The unique icosahedral structure leads to the carrier lifetime in B 4 C film much longer than that in conventional semiconductors. Photovoltaic response is observed for B 4 C / Si heterojunctions fabricated at 175-350°C, but better PRC is obtained for the film deposited at RT. These results suggest that for neutron detectors it is better to deposit B 4 C films at RT, but for radioisotope power sources it may be better to fabricate B 4 C / Si heterojunctions at an elevated temperature, while the optimal value depends on the deposition parameters. 
